Ecological changes in the phenology and distribution of plants and animals are occurring in all well-studied marine, freshwater, and terrestrial groups. These observed changes are heavily biased in the directions predicted from global warming and have been linked to local or regional climate change through correlations between climate and biological variation, field and laboratory experiments, and physiological research. Range-restricted species, particularly polar and mountaintop species, show severe range contractions and have been the first groups in which entire species have gone extinct due to recent climate change. Tropical coral reefs and amphibians have been most negatively affected. Predator-prey and plant-insect interactions have been disrupted when interacting species have responded differently to warming. Evolutionary adaptations to warmer conditions have occurred in the interiors of species' ranges, and resource use and dispersal have evolved rapidly at expanding range margins. Observed genetic shifts modulate local effects of climate change, but there is little evidence that they will mitigate negative effects at the species level.
INTRODUCTION Historical Perspective
Climate change is not a new topic in biology. The study of biological impacts of climate change has a rich history in the scientific literature, since long before there were political ramifications. Grinnell (1917) first elucidated the role of climatic thresholds in constraining the geographic boundaries of many species, followed by major works by Andrewartha & Birch (1954) and MacArthur (1972) . Observations of range shifts in parallel with climate change have been particularly rich in northern European countries, where observational records for many birds, butterflies, herbs, and trees date back to the mid-1700s. Since the early part of the twentieth century, researchers have documented the sensitivity of insects to spring and summer temperatures (Bale et al. 2002 , Dennis 1993 , Uvarov 1931 . Ford (1945) described northward range shifts of several butterflies in England, attributing these shifts to a summer warming trend that began around 1915 in Britain. Ford noted that one of these species, Limenitis camilla, expanded to occupy an area where attempted introductions prior to the warming had failed. Kaisila (1962) independently documented range shifts of Lepidoptera (primarily moths) in Finland, using historical data on range boundaries dating back to 1760. He showed repeated instances of southward contractions during decades of "harsh" climatic conditions (cold wet summers), followed by northward range expansion during decades with climate "amelioration" (warm summers and lack of extreme cold in winter). Further corroboration came from the strong correlations between summer temperatures and the northern range boundaries for many butterflies (Dennis 1993) .
Similar databases exist for northern European birds. A burst of papers documented changed abundances and northerly range shifts of birds in Iceland, Finland, and Britain associated with the 1930s-1940s warming period (Gudmundsson 1951; Harris 1964; Kalela 1949 Kalela , 1952 Salomonsen 1948) . A second wave of papers in the 1970s described the subsequent retreats of many of these temperate bird and butterfly species following the cool, wet period of the 1950s-1960s (Burton 1975 , Heath 1974 , Severnty 1977 , Williamson 1975 .
Complementing this rich observational database is more than 100 years of basic research on the processes by which climate and extreme weather events affect plants and animals. As early as the 1890s, Bumpus (1899) noted the differential effects of an extreme winter storm on the introduced house sparrow (Parus domesticus), resulting in stabilizing selection for intermediate body size in females and directional selection for large body size in males ( Johnston et al. 1972) . The first extensive studies of climate variability as a powerful driver of population evolution date back to the 1940s, when Dobzhansky (1943 Dobzhansky ( , 1947 discovered repeated cycles of seasonal evolution of temperature-associated chromosomal inversions within Drosophila pseudoobscura populations in response to temperature changes from spring through summer.
In summary, the history of biological research is rich in both mechanistic and observational studies of the impacts of extreme weather and climate change on wild species: Research encompasses impacts of single extreme weather events; experimental studies of physiological tolerances; snapshot correlations between change. Rather, some of the best-understood cases are presented to illustrate the complex ways in which various facets of climatic change impact wild biota. The choice of studies for illustration attempts to draw attention to the taxonomic and geographic breadth of climate-change impacts and to the most-recent literature not already represented in prior reviews.
Researchers have frequently associated biological processes with indices of oceanatmosphere dynamics, such as the El Niño Southern Oscillation and the North Atlantic Oscillation (Blenckner & Hillebrand 2002 , Holmgren et al. 2001 , Ottersen et al. 2001 ). However, the nature of the relationship between atmospheric dynamics, ocean circulation, and temperature is changing (Alley et al. 2003 , IPCC 2001b , Karl & Trenberth 2003 . Therefore, there is large uncertainty as to how past relationships between biological systems and ocean indices reflect responses to ongoing anthropogenic climate change. Although I use individual examples where appropriate, this complex topic is not fully reviewed here.
OVERVIEW OF IMPACTS LITERATURE
An extensive, but not exhaustive, literature search revealed 866 peer-reviewed papers that documented changes through time in species or systems that could, in whole or in part, be attributed to climate change. Some interesting broad patterns are revealed. Notably, the publication rate of climate-change responses increases sharply each year. The number of publications between 1899 and January 2003 (the date of two major syntheses) was 528. Therefore, approximately 40% of the 866 papers compiled for this review were published in the past three years (January 2003 to January 2006 .
The studies are spread broadly across taxonomic groups. Whereas distributional studies concentrated on animals rather than plants, the reverse is true of phenological time series. This may simply be because historical data on species range boundaries have higher resolution for animals than for plants. Conversely, local records of spring events are much more numerous for plants (e.g., flowering and leaf out) than for animals (e.g., nesting).
Although there is still a terrestrial bias, studies in marine and freshwater environments are increasing in proportional representation. The largest gaps are geographic rather than taxonomic. In absolute numbers, most biological impact studies are from North America, northern Europe and Russia. Few biological studies have come from South America, and there are large holes in Africa and Asia, with most of the studies from these two continents coming from just two countries: South Africa and Japan. In past decades, Australia's impact studies have stemmed predominantly from the coral reef community, but in recent years scientists have dug deep to find historical data, and terrestrial impact studies are now emerging. Similarly, the Mediterranean/North African region (Spain, France, Italy, and Israel) has recently spawned a spate of studies. Antarctica stands out as a region where impacts (or lack of impacts) on most species and systems have been documented, even though data often have large geographic or temporal gaps. Meta-analysis: set of statistical techniques designed to synthesize quantitative results from similar and independent experiments Few studies have been conducted at a scale that encompasses an entire species' range (i.e., a continental scale), with only a moderate number at the regional scale (e.g., the United Kingdom or Germany). Most have been conducted at local scales, typically at a research station or preserve. Continental-scale studies usually cover most or all of a species' range in terrestrial systems (Both et al. 2004 , Burton 1998a ,b, Dunn & Winkler 1999 , Menzel & Fabian 1999 , Parmesan 1996 , Parmesan et al. 1999 . However, even a continental scale cannot encompass the entire ranges of many oceanic species (Ainley & Divoky 1998 , Ainley et al. 2003 , Beaugrand et al. 2002 , Croxall et al. 2002 , Hoegh-Gulberg 1999 , McGowan et al. 1998 , Reid et al. 1998 , Spear & Ainley 1999 . Terrestrial endemics, in contrast, can have such small ranges that regional, or even local, studies may represent impacts on entire species (Pounds et al. 1999 (Pounds et al. , 2006 .
Meta-Analyses and Syntheses: Globally Coherent Signals of Climate-Change Impacts
A handful of studies have conducted statistical meta-analyses of species' responses or have synthesized independent studies to reveal emergent patterns. The clear conclusion across global syntheses is that twentieth-century anthropogenic global warming has already affected the Earth's biota (IPCC 2001a; Parmesan 2005a,b; Parmesan & Galbraith 2004; Parmesan & Yohe 2003; Peñuelas & Filella 2001; Pounds et al. 2005; Root & Hughes 2005; Root et al. 2003; Thomas 2005; Walther et al. 2002 Walther et al. , 2005 .
One study estimated that more than half (59%) of 1598 species exhibited measurable changes in their phenologies and/or distributions over the past 20 to 140 years (Parmesan & Yohe 2003) . Analyses restricted to species that exhibited change documented that these changes were not random: They were systematically and predominantly in the direction expected from regional changes in the climate (Parmesan & Yohe 2003 , Root et al. 2003 . Responding species are spread across diverse ecosystems (from temperate grasslands to marine intertidal zones and tropical cloud forests) and come from a wide variety of taxonomic and functional groups, including birds, butterflies, alpine flowers, and coral reefs.
A meta-analysis of range boundary changes in the Northern Hemisphere estimated that northern and upper elevational boundaries had moved, on average, 6.1 km per decade northward or 6.1 m per decade upward (P < 0.02) (Parmesan & Yohe 2003) . Quantitative analyses of phenological responses gave estimates of advancement of 2.3 days per decade across all species (Parmesan & Yohe 2003) and 5.1 days per decade for the subset of species showing substantive change (>1 day per decade) (Root et al. 2003) .
A surprising result is the high proportion of species responding to recent, relatively mild climate change (global average warming of 0.6 • C). The proportion of wild species impacted by climate change was estimated at 41% of all species (655 of 1598) (Parmesan & Yohe 2003) . This estimate was derived by focusing on multispecies studies that reported stable as well as responding species. Because responders and stable species were often sympatric, variation of response is not merely a consequence of differential magnitudes of climate change experienced.
PHENOLOGICAL CHANGES
By far, most observations of climate-change responses have involved alterations of species' phenologies. This is partly a result of the tight links between the seasons and agriculture: Planting and harvest dates (and associated climatic events such as day of last frost) have been well recorded, dating back hundreds of years for some crops. But the plethora of records also stems from the strong sociological significance of the change of the seasons, particularly in high-latitude countries. Peoples of Great Britain, the Netherlands, Sweden, and Finland have been keen on (some might say even obsessed with) recording the first signs of spring-the first leaf on an oak, the first peacock butterfly seen flying, the first crocus in bloom-as a mark that the long, dark winter is finally over. Fall has not captured as much enthusiasm as spring, but some good records exist, for example, for the turning of leaf color for trees.
The longest records of direct phenological observations are for flowering of cherry trees Prunus jamasakura and for grape harvests. Menzel & Dose (2005) show that timing of cherry blossom in Japan was highly variable among years, but no clear trends were discerned from 1400 to 1900. A statistically significant change point is first seen in the early 1900s, with steady advancement since 1952. Recent advancement exceeds observed variation of the previous 600 years. Menzel (2005) analyzed grapeharvest dates across Europe, for which April-August temperatures explain 84% of the variation. She found that the 2003 European heat wave stands out as an extreme early harvest (i.e., the warmest summer) going back 500 years. Although such lengthy observational records are extremely rare, these two unrelated plants on opposite sides of the world add an important historical perspective to results from shorter time series.
Several lines of evidence indicate a lengthening of vegetative growing season in the Northern Hemisphere, particularly at higher latitudes where temperature rise has been greatest. Summer photosynthetic activity (normalized difference vegetation index estimates from satellite data) increased from 1981-1991 (Myneni et al. 1997) , concurrent with an advance and increase in amplitude of the annual CO 2 cycle (Keeling et al. 1996) . White et al. (1999) modeled meteorological and satellite data to estimate actual growing season length each year from 1900-1987 in the United States. Growing season was unusually long during the warm period of the 1940s at all 12 sites. However, patterns have recently diverged. Since 1966, growing season length has increased only in four of the coldest, most-northerly zones (42 • -45 • latitude), not in the three warmest zones (32 • -37 • latitude). Across the European Phenological Gardens (experimental clones of 16 species of shrubs and trees at sites across Europe), a lengthening of the growing season by 10.8 days occurred from 1959-1993 (Menzel 2000 , Menzel & Fabian 1999 . Analysis of climatological variables (e.g., last frost date of spring and first frost date of fall) mirrors this finding, with an estimated lengthening of the growing season of 1.1-4.9 days per decade since 1951 (Menzel et al. 2003) . Bradley et al. (1999) built on Aldo Leopold's observations from the 1930s and 1940s on the timing of spring events on a Wisconsin farm. Of 55 species resurveyed in the 1980s and 1990s, 18 (35%) showed advancement of spring events, whereas the rest showed no change in timing (with the exception of cowbirds arriving later). On average, spring events occurred 7.3 days earlier by the 1990s compared with 61 years before, coinciding with March temperatures being 2.8 • C warmer.
Another long-term (100-year) study by Gibbs & Breisch (2001) compared recent records (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) of the calling phenology of six frog species in Ithaca, New York, with a turn-of-the-century study (1900) (1901) (1902) (1903) (1904) (1905) (1906) (1907) (1908) (1909) (1910) (1911) (1912) . They showed a 10-13-day advance associated with a 1.0-2.3 • C rise in temperature during critical months. Amphibian breeding has also advanced in England, by 1-3 weeks per decade (Beebee 1995) . Ecophysiological studies in frogs have shown that reproduction is closely linked to both nighttime and daytime temperatures (Beebee 1995) .
In the United Kingdom, Crick et al. (1997) , analyzing more than 74,000 nest records from 65 bird species between 1971 and 1995, found that the mean laying dates of first clutches for 20 species had advanced by an average 8.8 days. Brown et al. (1999) found a similar result for the Mexican jay (Aphelocoma ultramarina) in the mountains of southern Arizona. In the North Sea, migrant birds have advanced their passage dates by 0.5-2.8 days per decade since 1960, with no significant difference between short-and long-distance migrants (Hüppop & Hüppop 2003) . In contrast, Gordo et al. (2005) found that three of six long-distance migrant birds had significantly delayed arrival to breeding grounds in Spain, with arrival date highly correlated with climatic conditions in their overwintering grounds in the southern Sahara.
Butterflies frequently show a high correlation between dates of first appearance and spring temperatures, so it is not surprising that their first appearance has advanced for 26 of 35 species in the United Kingdom (Roy & Sparks 2000) and for all 17 species analyzed in Spain (Stefanescu et al. 2003) . Seventy percent of 23 species of butterfly in central California have advanced their first flight date over 31 years, by an average of 24 days (Forister & Shapiro 2003) . Climate variables explained 85% of variation in flight date in the California study, with warmer, drier winters driving early flight.
There are only two continental-scale studies of bird phenology. Dunn & Winkler (1999) analyzed changes in breeding for tree swallows (Tachycineta bicolor) from 1959 to 1991 over the entire breeding range in the contiguous United States and Canada. Laying date was significantly correlated with mean May temperature and had advanced by an average of nine days over the 32-year period. In a complementary study, Both et al. (2004) analyzed the pied flycatcher (Ficedula hypoleuca) at 23 sites across Europe and found a significant advance in laying date for nine of the populations, which also tended to be those with the strongest warming trends. Continentalscale studies of both lilac (Syringa vulgaris) and honeysuckle (Lonicera tatarica and L. korolkowii) in the western United States have shown an advance in mean flowering dates of 2 and 3.8 days per decade, respectively (Cayan et al. 2001) .
Aquatic systems exhibit similar trends to those of terrestrial systems. In a lake in the northwestern United States, phytoplankton bloom has advanced by 19 days from 1962 to 2002, whereas zooplankton peak is more varied, with some species showing advance and others remaining stable (Winder & Schindler 2004) . The Arctic seabird Brunnich's guillemot, Uria lomvia, has advanced its egg-laying date at its southern boundary (Hudson Bay) with no change at its northern boundary (Prince Leopold Island); both trends are closely correlated with changes in sea-ice cover (Gaston et al. 2005) . Roetzer et al. (2000) explicitly quantified the additional impacts of urban warming by comparing phenological trends between urban and rural sites from 1951 to 1995. Urban sites showed significantly stronger shifts toward earlier spring timing than nearby rural sites, by 2-4 days. An analysis of greening across the United States via satellite imagery also concluded that urban areas have experienced an earlier onset of spring compared with rural areas (White et al. 2002) .
Researchers generally report phenological changes as a separate category from changes in species' distributions, but these two phenomena interplay with each other and with other factors, such as photoperiod, to ultimately determine how climate change affects each species (Bale et al. 2002 , Chuine & Beaubien 2001 .
INTERACTIONS ACROSS TROPHIC LEVELS: MATCHES AND MISMATCHES
Species differ in their physiological tolerances, life-history strategies, probabilities of population extinctions and colonizations, and dispersal abilities. These individualistic traits likely underlie the high variability in strength of climate response across wild species, even among those subjected to similar climatic trends (Parmesan & Yohe 2003) . For many species, the primary impact of climate change may be mediated through effects on synchrony with that species' food and habitat resources. More crucial than any absolute change in timing of a single species is the potential disruption of coordination in timing between the life cycles of predators and their prey, herbivorous insects and their host plants, parasitoids and their host insects, and insect pollinators with flowering plants (Harrington et al. 1999 , Visser & Both 2005 . In Britain, the butterfly Anthocharis cardamines has accurately tracked phenological shifts of its host plant, even when bud formation came two to three weeks early (Sparks & Yates 1997 ). However, this may be the exception rather than the rule. Visser & Both (2005) reviewed the literature and found only 11 species' interactions in which sufficient information existed to address the question of altered synchrony. Nine of these were predator-prey interactions, and two were insect-host plant interactions. In spite of small sample size, an important trend emerged from this review: In the majority of cases (7 of 11), interacting species responded differently enough to climate warming that they are more out of synchrony now than at the start of the studies. In many cases, evidence for negative fitness consequences of the increasing asynchrony has been either observed directly or predicted from associated studies (Visser & Both 2005) .
In one example, Inouye et al. (2000) reported results of monitoring between 1975 and 1999 at Rocky Mountain Biological Laboratory in Colorado, where there has been a 1.4 • C rise in local temperature. The annual date of snowmelt and plant flowering did Intergovernmental Panel on Climate Change: a scientific panel formed under the auspices of the United Nations and the World Meteorological Organization for the purpose of synthesizing literature and forming scientific consensus on climate change and its impacts not change during the study period, but yellow-bellied marmots (Marmota flaviventris) advanced their emergence from hibernation by 23 days, changing the relative phenology of marmots and their food plants. In a similar vein, Winder & Schindler (2004) documented a growing asynchrony between peak phytoplankton bloom and peak zooplankton abundances in a freshwater lake.
More complex phenomena resulting from trophic mismatches have also been documented. For example, phenological asynchrony has been linked to a range shift in the butterfly Euphydryas editha. Warm and/or dry years alter insect emergence time relative to both the senescence times of annual hosts and the time of blooming of nectar sources (Singer 1972 , Singer & Ehrlich 1979 , Weiss et al. 1988 ). Field studies have documented that butterfly-host asynchrony has resulted directly in population crashes and extinctions. Long-term censuses revealed that population extinctions occurred during extreme droughts and low snowpack years (Ehrlich et al. 1980 , Singer & Ehrlich 1979 , and these extinctions have been highly skewed with respect to both latitude and elevation, shifting mean location of extant populations northward and upward (Parmesan 1996 (Parmesan , 2005a . Van Nouhuys & Lei (2004) showed that host-parasitoid synchrony was influenced signficantly by early spring temperatures. Warmer springs favored the parasitoid wasp Cotesia melitaearum by bringing it more in synchrony with its host, the butterfly Melitaea cinxia. Furthermore, they argue that because most butterfly populations are protandrous (i.e., males pupating earlier than females), temperature-driven shifts in synchrony with parasitoids may affect butterfly sex ratios.
OBSERVED RANGE SHIFTS AND TRENDS IN LOCAL ABUNDANCE
Expected distributional shifts in warming regions are poleward and upward range shifts. Studies on these shifts fall mainly into two types: (a) those that infer large-scale range shifts from small-scale observations across sections of a range boundary (with the total study area often determined by a political boundary such as state, province, or country lines) and (b) those that infer range shifts from changes in species' composition (abundances) in a local community. Studies encompassing the entire range of a species, or at least the northern and southern (or lower and upper) extremes, are few and have been concentrated on amphibians (Pounds et al. 1999 (Pounds et al. , 2006 , a mammal (Beever et al. 2003) , and butterflies (Parmesan 1996 , Parmesan et al. 1999 . The paucity of whole-range studies likely stems from the difficulties of gathering data on the scale of a species' range-often covering much of a continent.
Shifts at Polar Latitudes
Broad impacts of climate change in polar regions-from range shifts to community restructuring and ecosystem functioning-have been reviewed by the Intergovernmental Panel on Climate Change (Anisimov et al. 2001) , the Arctic Climate Impact Assessment (2004) and the Millenium Ecosystem Assessment (Chapin et al. 2006) .
SST: sea surface temperature
Antarctic. Plant, bird, and marine life of Antarctica have exhibited pronounced responses to anthropogenic climate change. These responses have been largely attributed to extensive changes (mostly declines) in sea-ice extent, which in turn appears to have stimulated a trophic cascade effect in biological systems. Declines in sea-ice extent and duration since 1976 have apparently reduced abundances of ice algae, in turn leading to declines in krill (from 38%-75% per decade) in a large region where they have been historically concentrated, the southwest Atlantic (Atkinson et al. 2004 ). Krill (Euphausia superba) is a primary food resource for many fish, seabirds, and marine mammals. Interestingly, McMurdo Dry Valleys, which actually cooled between 1990 and 2000, also showed declines in lake phytoplankton abundances and in soil invertebrate abundances (Doran et al. 2002) .
Penguins and other seabirds in Antarctica have shown dramatic responses to changes in sea-ice extent over the past century (Ainley et al. 2003 , Croxall et al. 2002 , Smith et al. 1999 ). The sea-ice dependent Adélie and emperor penguins (Pygoscelis adeliae and Aptenodytes forsteri, respectively) have nearly disappeared from their northernmost sites around Antarctica since 1970. Emperors have declined from 300 breeding pairs down to just 9 in the western Antarctic Peninsula (Gross 2005) , with less severe declines at Terre Adélie (66 • S), where they are now at 50% of pre-1970s abundances (Barbraud & Weimerskirch 2001) . Adélies have declined by 70% on Anvers Island (64 • -65 • S along the Antarctic peninsula (Emslie et al. 1998 , Fraser et al. 1992 ), whereas they are thriving at the more-southerly Ross Island at 77 • S )-effectively shifting this species poleward. In the long-term, sea-ice-dependent birds will suffer a general reduction of habitat as ice shelves contract [e.g., as has already occured in the Ross Sea (IPCC 2001b)] or collapse [e.g., as did the Larsen Ice Shelves along the Antarctic Peninsula in 2002 (Alley et al. 2005) ].
In contrast, open-ocean feeding penguins-the chinstrap and gentoo-invaded southward along the Antarctic Peninsula between 20 and 50 years ago, with paleological evidence that gentoo had been absent from the Palmer region for 800 years previously (Emslie et al. 1998 , Fraser et al. 1992 . Plants have also benefited from warming conditions. Two Antarctic vascular plants (a grass, Deschampsia antarctica, and a cushion plant, Colobanthus quitensis) have increased in abundance and begun to colonize novel areas over a 27-year period (Smith 1994) .
Arctic. Nearly every Arctic ecosystem shows marked shifts. Diatom and invertebrate assemblages in Arctic lakes have shown huge species' turnover, shifting away from benthic species toward more planktonic and warm-water-associated communities (Smol et al. 2005) . Across northern Alaska, Canada, and parts of Russia, shrubs have been expanding into the tundra (Sturm et al. 2005) . Field studies, experimentation, and modeling link this major community shift to warming air temperatures, increased snow cover, and increased soil microbial activity (Chapin et al. 1995; Sturm et al. 2001 Sturm et al. , 2005 . Populations of a pole-pole migrant, the sooty shearwater (Puffinus griseus), have shifted their migration routes by hundreds of kilometers in concert with altered sea surface temperature (SST) in the Pacific (Spear & Ainley 1999) .
Sea-ice decline in the Arctic has been more evenly distributed than in the Antarctic. Because of differing geology, with an ocean at the pole rather than land, Arctic species that are sea-ice dependent are effectively losing habitat at all range boundaries. Polar bears have suffered significant population declines at opposite geographic boundaries. At their southern range boundary (Hudson Bay), polar bears are declining both in numbers and in mean body weight (Stirling et al. 1999) . Climate change has caused a lengthening of ice-free periods on Hudson Bay, periods during which the bears starve and live on their reserves because an ice shelf is necessary for feeding. Furthermore, researchers have also linked warming trends to reductions of the bears' main food, the ringed seal (Derocher et al. 2004 , Ferguson et al. 2005 . At the bears' northern range boundaries off Norway and Alaska, sea ice has also been reduced, but poorer records make it is less clear whether observed declines in body size and the number of cubs per female are linked to climate trends or to more basic density-dependent processes (Derocher 2005 , Stirling 2002 ).
Shifts in Northern-Hemisphere Temperate Species
On a regional scale, a study of the 59 breeding bird species in Great Britain showed both expansions and contractions of northern range boundaries, but the average boundary change for 12 species that had not experienced overall changes in density was a mean northward shift of 18.9 km over a 20-year period (Thomas & Lennon 1999) . For a few well-documented bird species, their northern U.K. boundaries have tracked winter temperatures for over 130 years (Williamson 1975) . Physiological studies indicate that the northern boundaries of North American songbirds may generally be limited by winter nighttime temperatures (Burger 1998 , Root 1988 .
Analogous studies exist for Lepidoptera (butterflies and moths), which have undergone an expansion of northern boundaries situated in Finland (Marttila et al. 1990 , Mikkola 1997 , Great Britain (Hill et al. 2002 , Pollard 1979 , Pollard & Eversham 1995 , Warren 1992 , and across Europe (Parmesan et al. 1999 ). Depending on the study, some 30% to 75% of northern boundary sections had expanded north; a smaller portion (<20%) had contracted southward; and the remainder were classified as stable. In a study of 57 nonmigratory European butterflies, data were obtained from both northern and southern range boundaries for 35 species (Parmesan et al. 1999) . Nearly two thirds (63%) had shifted their ranges to the north by 35-240 km, and only two species had shifted to the south (Parmesan et al. 1999 ). In the most-extreme cases, the southern edge contracted concurrent with northern edge expansion. For example, the sooty copper (Heodes tityrus) was common in the Montseny region of central Catalonia in the 1920s, but modern sightings are only from the Pyrenees, 50 km to the north. Symmetrically, H. tityrus entered Estonia for the first time in 1998, by 1999 had established several successful breeding populations, and by 2006 had reached the Baltic Sea (Parmesan et al. 1999; T. Tammaru, personal communication) .
Another charismatic insect group with good historical records is Odonata (dragonflies and damselflies). In a study of all 37 species of resident odonates in the United Kingdom, Hickling et al. (2005) documented that 23 of the 24 temperate species had expanded their northern range limit between 1960-1995, with mean northward shift of 88 km.
Nondiapausing (i.e., active year-round) butterfly species are also moving northward with warmer winters. The northern boundary of the sachem skipper butterfly has expanded from California to Washington State (420 miles) in just 35 years (Crozier 2003 (Crozier , 2004 . During a single year-the warmest on record (1998)-it moved 75 miles northward. Laboratory and field manipulations showed that individuals are killed by a single, short exposure to extreme low temperatures (-10 • C) or repeated exposures to -4 • C, indicating winter cold extremes dictate the northern range limit (Crozier 2003 (Crozier , 2004 . The desert orange tip (Colotis evagore), which historically was confined to northern Africa, has established resident populations in Spain while maintaining the same ecological niche. Detailed ecological and physiological studies confirm that C. evagore has remained a specialist of hot microclimates, needing more than 164 days at greater than 12 • C to mature. It has not undergone a host switch in its new habitat, and it has not evolved a diapause stage ( Jordano et al. 1991) .
In the Netherlands between 1979 and 2001, 77 new epiphytic lichens colonized from the south, nearly doubling the total number of species for that community (van Herk et al. 2002) . Combined numbers of terrestrial and epiphytic lichen species increased from an average of 7.5 per site to 18.9 per site. An alternate approach to documenting colonizations is to document extinction patterns. Comparing recent censuses across North America (1993) (1994) (1995) (1996) with historical records (1860-1986), Parmesan (1996) documented that high proportions of population extinctions along the southern range boundary of Edith's checkerspot butterfly (E. editha) had shifted the mean location of living populations 92 km farther north (Parmesan 1996 (Parmesan , 2005a .
Shifts of Tropical Species Ranges
Warming trends at lower latitudes are associated with movements of tropical species into more-temperate areas. The rufous hummingbird has undergone a dramatic shift in its winter range (Hill et al. 1998 ). Thirty years ago it wintered mainly in Mexico, and between 1900 and 1990, there were never more than 30 winter sightings per year along the Gulf Coast of the United States. In the early 1990s, sightings increased to more than 100 per year in the southern United States. The number of sightings has increased steadily since then-up to 1,643 by 1996, with evidence that, by 1998, resident populations had colonized 400 km inland (Howell 2002) . Over this same period, winter temperatures rose by approximately 1 • C (IPCC 2001b). In Florida, five new species of tropical dragonfly established themselves in 2000, an apparently natural invasion from Cuba and the Bahamas (Paulson 2001) .
Similarly, North African species are moving into Spain and France, and Mediterranean species are moving up into the continental interior. The African plain tiger butterfly (Danaus chrysippus) established its first population in southern Spain in 1980 and by the 1990s had established multiple, large metapopulations (Haeger 1999) .
Elevational Shifts
Montane studies have generally been scarcer and less well documented (lower sampling resolution), but a few good data sets show a general movement of species upward in elevation. By comparing species compositions in fixed plots along an elevational gradient in Monteverde National Park, Costa Rica, Pounds et al. (1999 Pounds et al. ( , 2005 documented that lowland birds have begun breeding in montane cloud-forest habitat over the past 20 years. A similar study across 26 mountains in Switzerland documented that alpine flora have expanded toward the summits since the plots were first censused in the 1940s (Grabherr et al. 1994 , Pauli et al. 1996 . Upward movement of treelines has been observed in Siberia (Moiseev & Shiyatov 2003) and in the Canadian Rocky Mountains, where temperatures have risen by 1.5 • C (Luckman & Kavanagh 2000) .
The few studies of lower elevational limits show concurrent contractions upward of these warm range boundaries. Because warm boundaries generally have data gaps through time, these studies have conducted recensuses of historically recorded (sedentary) populations and looked for nonrandom patterns of long-term population extinctions.
A 1993-1996 recensus of Edith's checkerspot butterfly (E. editha) populations recorded 1860-1986 throughout its range (Mexico to Canada) documented that more than 40% of populations from 0-2400 m were extinct (in spite of having suitable habitat), whereas less than 15% were extinct at the highest elevations (2400-3500 m) (Parmesan 1996) . Over the past 50-100 years, snowpack below 2400 m has become lighter by 14% and melts 7 days earlier, whereas higher elevations (2400-3500 m) have 8% heavier snowpack and no change in melt date ( Johnson et al. 1999 ). In concert with altered snow dynamics, the mean location of E. editha populations has shifted upward by 105 m (Parmesan 1996 (Parmesan , 2005a .
In southern France, metapopulations of the cool-adapted Apollo butterfly (Parnassius apollo) have gone extinct over the past 40 years on plateaus less than 850 m high but have remained healthy where plateaus were greater than 900 m high (Descimon et al. 2006) . The data suggest that dispersal limitation was important, and this strong flyer can persist when nearby higher elevation habitats exist to colonize. In Spain, the lower elevational limits of 16 species of butterfly have risen an average of 212 m in 30 years, concurrent with a 1.3 • C rise in mean annual temperatures (Wilson et al. 2005) .
In the Great Basin of the western United States, 7 out of 25 recensused populations of the pika (Ochotona princeps, Lagomorpha) were extinct since being recorded in the 1930s (Beever et al. 2003) . Human disturbance is minimal because pika habitat is high-elevation talus (scree) slopes, which are not suitable for ranching or recreational activities. Extinct populations were at significantly lower elevations than those still present (Parmesan & Galbraith 2004) . Field observations by Smith (1974) documented that adult pika stopped foraging in the midday heat in August at low elevation sites. Subsequent experiments showed that adults were killed within a half hour at more than 31 • C (Smith 1974) .
Marine Community Shifts
Decades of ecological and physiological research document that climatic variables are primary drivers of distributions and dynamics of marine plankton and fish (Hays et al. 2005 , Roessig et al. 2004 . Globally distributed planktonic records show strong shifts of phytoplankton and zooplankton communities in concert with regional oceanic climate regime shifts, as well as expected poleward range shifts and changes in timing of peak biomass (Beaugrand et al. 2002 , deYoung et al. 2004 , Hays et al. 2005 , Richardson & Schoeman 2004 . Some copepod communities have shifted as much as 1000 km northward (Beaugrand et al. 2002) . Shifts in marine fish and invertebrate communities have been been particularly well documented off the coasts of western North America and the United Kingdom. These two systems make an interesting contrast (see below) because the west coast of North America has experienced a 60-year period of significant warming in nearshore sea temperatures, whereas much of the U.K. coast experienced substantial cooling in the 1950s and 1960s, with warming only beginning in the 1970s (Holbrook et al. 1997 , Sagarin et al. 1999 , Southward et al. 2005 . Sagarin et al. (1999) related a 2 • C rise of SST in Monterey Bay, California, between 1931 and 1996 to a significant increase in southern-ranged species and decrease of northern-ranged species. Holbrook et al. (1997) found similar shifts over the past 25 years in fish communities in kelp habitat off California.
Much of the data from the North Atlantic, North Sea, and coastal United Kingdom have exceptionally high resolution and long time series, so they provide detailed information on annual variability, as well as long-term trends. Over 90 years, the timing of animal migration (e.g., veined squid, Loligo forbesi, and flounder Platichthys flesus) followed decadal trends in ocean temperature, being later in cool decades and up to 1-2 months earlier in warm years (Southward et al. 2005) .
In the English Channel, cold-adapted fish (e.g., herring Clupea harengus) declined during both warming periods (1924 to the 1940s, and post-1979) , whereas warmadapted fish did the opposite (Southward et al. 1995 (Southward et al. , 2005 . For example, pilchard Sardina pilchardus increased egg abundances by two to three orders of magnitude during recent warming. In the North Sea, warm-adapted species (e.g., anchovy Engraulis encrasicolus and pilchard) have increased in abundances since 1925 (Beare et al. 2004) , and seven out of eight have shifted their ranges northward (e.g., bib, Trisopterus luscus) by as much as 100 km per decade (Perry et al. 2005) . Records dating back to 1934 for intertidal invertebrates show equivalent shifts between warm-and cold-adapted species (e.g., the barnacles Semibalanus balanoides and Chthamalus spp., respectively), mirroring decadal shifts in coastal temperatures (Southward et al. 1995 (Southward et al. , 2005 .
Pest and Disease Shifts
Pest species are also moving poleward and upward. Over the past 32 years, the pine processionary moth (Thaumetopoea pityocampa) has expanded 87 km at its northern range boundary in France and 110-230 m at its upper altitudinal boundary in Italy (Battisti et al. 2005) . Laboratory and field experiments have linked the feeding behavior and survival of this moth to minimum nighttime temperatures, and its expansion has been associated with warmer winters. In the Rocky Mountain range of the United States, mountain pine beetle (Dendroctonus ponderosae) has responded to warmer temperatures by altering its life cycle. It now only takes one year per generation rather than its previous two years, allowing large increases in population abundances, which, in turn, have increased incidences of a fungus they transmit (pine blister rust, Cronartium ribicola) (Logan et al. 2003) . Increased abundance of a nemotode parasite has also occurred as its life cycle shortened in response to warming trends. This has had associated negative impacts on its wild musk oxen host, causing decreased survival and fecundity (Kutz et al. 2005) .
In a single year (1991), the oyster parasite Perkinsus marinus extended its range northward from Chesapeake Bay to Maine-a 500 km shift. Censuses from 1949 to 1990 showed a stable distribution of the parasite from the Gulf of Mexico to its northern boundary at Chesapeake Bay. The rapid expansion in 1991 has been linked to above-average winter temperatures rather than human-driven introduction or genetic change (Ford 1996) . A kidney disease has been implicated in low-elevation trout declines in Switzerland. High mortality from infection occurs above 15 • -16 • C, and water temperatures have risen in recent decades. High infection rates (27% of fish at 73% of sites) at sites below 400 m have been associated with a 67% decline in catch; mid-elevation sites had lower disease incidence and only moderate declines in catch; and the highest sites (800-3029 m) had no disease present and relatively stable catch rates (Hari et al. 2006) .
Changes in the wild also affect human disease incidence and transmission through alterations in disease ecology and in distributions of their wild vectors (Parmesan & Martens 2006) . For example, in Sweden, researchers have documented marked increases in abundances of the disease-transmitting tick Ixodes ricinus along its northernmost range limit (Lindgren & Gustafson 2001) . Between the early 1980s and 1994, numbers of ticks found on domestic cats and dogs increased by 22%-44% along the tick's northern range boundary across central Sweden. In the same time period, this region had a marked decrease in the number of extremely cold days (<−12 • C) in winter and a marked increase in warm days (>10 • C) during the spring, summer, and fall. Previous studies on temperature developmental and activity thresholds indicated the observed warmer temperatures cause decreased tick mortality and longer growing seasons (Lindgren & Gustafson 2001 ).
Trees and Treelines: Complex Responses
A complex of interacting factors determines treeline, often causing difficulties in interpretation of twentieth-century trends. Some species are "well behaved" in that they show similar patterns of increased growth at treeline during the early warming in the 1930s and 1940s as during the recent warming of the past 20 years. In recent decades, treelines have shifted northward in Sweden (Kullman 2001 ) and eastern Canada (Lescop-Sinclair & Payette 1995), and upward in Russia (Meshinev et al. 2000 , Moiseev & Shiyatov 2003 and New Zealand (Wardle & Coleman 1992) .
However, in other studies, researchers saw a strong response to warming in the late 1930s and 1940s but a weaker (or absent) response in recent warm decades (Innes 1991 , Jacoby & D'Arrigo 1995 , Lescop-Sinclair & Payette 1995 , Briffa et al. 1998a , possibly resulting from differences in rainfall between the two warm periods. In Alaska, recent decades have been relatively dry, which may have prevented trees from responding to current warming as they did before (Barber et al. 2000 , Briffa et al. 1998b . In contrast, treelines in the arid southwest United States, which has www.annualreviews.org • Climate-Change Impacts had increased rainfall, have shown unprecedented increased tree-ring growth at high elevations (Swetnam & Betancourt 1998 ).
An impressive study across all of northern Russia from 1953-2002 showed a shift in tree allometries. In areas where summer temperatures and precipitation have both increased, a general increase in biomass (up 9%) is primarily a result of increased greenery (33% more carbon in leaves and needles), rather than woody parts (roots and stem). In areas that have experienced warming and drying trends, greenery has decreased, and both roots and stems have increased (Lapenis et al. 2005) .
EXTINCTIONS Amphibians
Documented rapid loss of habitable climate space makes it no surprise that the first extinctions of entire species attributed to global warming are mountain-restricted species. Many cloud-forest-dependent amphibians have declined or gone extinct on a mountain in Costa Rica (Pounds et al. 1999 (Pounds et al. , 2005 . Among harlequin frogs in Central and South American tropics, an astounding 67% have disappeared over the past 20-30 years. Pounds et al. (2006) hypothesised that recent trends toward warmer nights and increased daytime cloud cover have shifted mid-elevation sites (1000-2400 m), where the preponderance of extinctions have occurred, into thermally optimum conditions for the chytrid fungus, Batrachochytrium dendrobatidis.
Tropical Coral Reefs
Elevated sea temperatures as small as 1 • C above long-term summer averages lead to bleaching (loss of coral algal symbiont), and global SST has risen an average of 0.1 • -0.2 • C since 1976 (Hoegh-Guldberg 1999 , IPCC 2001b . A more acute problem for coral reefs is the increase in extreme temperature events. El Niño events have been increasing in frequency and severity since records began in the early 1900s, and researchers expect this trend to continue over coming decades (Easterling et al. 2000 , IPCC 2001b . A particularly strong El Niño in 1997-1998 caused bleaching in every ocean (up to 95% of corals bleached in the Indian Ocean), ultimately resulting in 16% of corals rendered extinct globally (Hoegh-Guldberg 1999 Wilkinson 2000) .
Recent evidence for genetic variation among the obligate algal symbiont in temperature thresholds suggests that some evolutionary response to higher water temperatures may be possible (Baker 2001 , Rowan 2004 . Changes in genotype frequencies toward increased frequency of high-temperature-tolerant symbiont appear to have occurred within some coral populations between the mass bleaching events of 1997 (Baker et al. 2004 . However, other studies indicate that many entire reefs are already at their thermal tolerance limits (Hoegh-Guldberg 1999) . Coupled with poor dispersal of symbiont between reefs, this has led several researchers to conclude that local evolutionary responses are unlikely to mitigate the negative impacts of future temperature rises (Donner et al. 2005 , Hoegh-Guldberg et al. 2002 .
One optimistic result suggests that corals, to some extent, may be able to mirror terrestrial range shifts. Two particularly cold-sensitive species (staghorn coral, Acropora ceervicornis, and elkhorn coral, Acropora palmata) have recently expanded their ranges into the northern Gulf of Mexico (first observation in 1998), concurrent with rising SST (Precht & Aronson 2004) . Although continued poleward shift will be limited by light availability at some point (Hoegh-Guldberg 1999) , small range shifts may aid in developing new refugia against extreme SST events in future.
Although impacts have not yet been observed, the fate of coral reefs may be as, or more, affected in coming decades by the direct effects of CO 2 rather than temperature rise. Increased atmospheric CO 2 since industrialization has significantly lowered ocean pH by 0.1. The more dire projections (a doubling to tripling of current CO 2 levels) suggest that, by 2050, oceans may be too acidic for corals to calcify (Caldeira & Wickett 2003 , Hoegh-Guldberg 2005a , Orr et al. 2005 ).
Population Extinctions Leading to Range Contractions
Many species have suffered reduced habitable area due to recent climate change. For those species that have already been driven extinct at their equatorial or lower range boundaries, some have either failed to expand poleward or are unable to expand due to geographic barriers. Such species have suffered absolute reductions in range size, putting them at greater risk of extinction in the near future. This is particularly evident in polar species, as these are already pushed against a geographical limit. Researchers have seen large reductions in population abundances and general health along the extreme southern populations of Arctic polar bears (Derocher 2005 , Derocher et al. 2004 , Stirling et al. 1999 ) and the extreme northern populations of Antarctic Adélie and emperor penguins (Ainley et al. 2003 , Croxall et al. 2002 , Emslie et al. 1998 , Fraser et al. 1992 , Smith et al. 1999 , Taylor & Wilson 1990 ). In the United Kingdom, four boreal odonates have contracted northward by an average of 44 km over 40 years (Hickling et al. 2005) .
Similarly, high numbers of population extinctions have occurred along the lower elevational boundaries of mountaintop species, such as pikas in the western United States (Beever et al. 2003 ) and the Apollo butterfly in France (Descimon et al. 2006) . For 16 mountain-restricted butterflies in Spain, warming has already reduced their habitat by one third in just 30 years (Wilson et al. 2005) . Warming and drying trends on Mt. Kiliminjaro have increased fire impacts, which have caused a 400-m downward contraction of closed (cloud) forest, now replaced by an open, dry alpine system (Hemp 2005) . Temperate low-elevation species are not immune: Twenty-five percent of temperate butterflies in Europe contracted northward by 35-50 km over a 30-70-year period. For one of these, its northern range boundary had not expanded, so it suffered an overall contraction of range size (Parmesan et al. 1999 ).
EVOLUTION AND PLASTICITY
Species ranges are dynamic. Historically, ecologists have viewed species' niches as static and range shifts over time as passive responses to major environmental changes (global climate shifts or geological changes in corridors and barriers).
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There is no doubt that climate plays a major role in limiting terrestrial species' ranges (Andrewartha & Birch 1954; Bale et al. 2002; Parmesan et al. 2000 Precht et al. 1973; Webb & Bartlein 1992; Weiser 1973; Woodward 1987) . Recent physiological and biogeographic studies in marine systems also implicate temperature as a primary driver of species' ranges (Hoegh-Guldberg 1999 Hoegh-Guldberg & Pearse 1995) .
However, evolutionary processes clearly can substantially influence the patterns and rates of response to climate change. Theoretically, evolution can also drive range shifts in the absence of environmental change (Holt 2003) . A prime example of this is the hybridization of two species of Australian fruit fly that led to novel adaptations, allowing range expansion with no concomitant environmental change (Lewontin & Birch 1966) .
The problem of estimating the relative roles of evolution and plasticity is tractable with extensive, long-term ecological and genetic data. For example, genetic analysis of a population of red squirrels in the Arctic indicated that 62% of the change in breeding dates occurring over a 10-year period was a result of phenotypic plasticity, and 13% was a result of genetic change in the population (Berteaux et al. 2004 , Réale et al. 2003 .
Geneticists in the 1940s noticed that certain chromosomal inversions in fruit flies (Drosophila) were associated with heat tolerance (Dobzhansky 1943 (Dobzhansky , 1947 . These "hot" genotypes were more frequent in southern than in northern populations and increased within a population during each season, as temperatures rose from early spring through late summer. Increases in the frequencies of warm-adapted genotypes have occurred in wild populations of Drosophila ssp in Spain between 1976 , Rodríguez-Trelles et al. 1996 , as well as in the United States between 1946 and 2002 (Levitan 2003) . The change in the United States was so great that populations in New York in 2002 were converging on genotype frequencies found in Missouri in 1946.
In contrast, red deer in Norway show completely plastic responses. Their body size responds rapidly to yearly variability of winter temperatures. Warmer winters cause developing males to become larger while females become smaller (Post et al. 1999) . In consequence, the end result of a gradual winter warming trend has been an increase in sexual dimorphism.
A surprising twist is that species whose phenology is under photoperiodic control have also responded to temperature-driven selection for spring advancement or fall delay. Bradshaw & Holzapfel (2001) showed that the pitcher plant mosquito, Wyeomyia smithii, has evolved a shorter critical photoperiod in association with a longer growing season. Northern populations of this mosquito now use a shorter day-length cue to enter winter diapause, doing so later in the fall than they did 24 years ago.
The Role of Evolution in Shaping Species' Impacts
Increasing numbers of researchers use analyses of current intraspecific genetic variation for climate tolerance to argue for a substantive role of evolution in mitigating negative impacts of future climate change (Baker 2001 , Baker et al. 2004 , Davis & Shaw 2001 , Rowan 2004 . However, in spite of a plethora of data indicating local adaptation to climate change at specific sites, the fossil record shows little evidence for the evolution of novel phenotypes across a species as a whole. Pleistocene glaciations represent shifts 5-10 times the magnitude of twentieth-century global warming. These did not result in major evolution at the species level (i.e., appearance of new forms outside the bounds of known variation for that species), nor in major extinction or speciation events. Existing species appeared to shift their geographical distributions as though tracking the changing climate, rather than remaining stationary and evolving new forms (Coope 1994 , Davis & Zabinski 1992 , Huntley 1991 .
Most of the empirical evidence for rapid adaptation to climate change comes from examples of evolution in the interiors of species' ranges toward higher frequencies of already existing heat-tolerant genotypes. In studies that focus on dynamics at the edge of a species' range or across an entire range, a different picture emerges. Several studies suggest that the effects of both genetic constraints and asymmetrical gene flow are intensified close to species' borders (Antonovics 1976 , Garcia-Ramos & Kirkpatrick 1997 , Hoffmann & Blows 1994 . It is expected that a warming climate strengthens climate stress at equatorial range boundaries and reduces it at poleward boundaries. Equatorial boundary populations are often under natural selection for increased tolerance to extreme climate in the absence of climate change, but may be unable to respond due to lack of necessary genetic variance. Furthermore, gene flow from interior populations may stifle response to selection at the range limits, even when sufficient genetic variation exists (Kirkpatrick & Barton 1997) .
Because of strong trade-offs between climate tolerance and resource/habitat preferences, a relaxation of selection on climate tolerance at northern boundaries may cause rapid evolution of these correlated traits. This process has been investigated in the European butterfly Aricia agestis, in which populations near the northern range boundary had previously adapted to cool conditions by specializing on the host genus, Helianthemum, which grows in hot microclimates and hence supports fast larval growth. Climate warming did not initially cause range expansion because Helianthemum was absent to the immediate north of the range limit. However, warming did permit rapid evolution of a broader diet at the range limit, to a host used in more southern populations, Geranium, which grows in cooler microclimates. Once this local diet evolution occurred, the boundary expanded northward across the band from which Helianthemum was absent but Geranium was present (Thomas et al. 2001 ).
This example shows how a complex interplay may occur between evolutionary processes and ecological responses to extreme climates and climate change. However, these evolutionary events did not constitute alternatives to ecological responses to climate change; they modulated those changes. Adaptive evolution of host preference occurred at the northern range boundary in response to temperature rise, but genetic variation for host use already existed within the A. agestis butterfly. In this case, evolutionary processes are not an alternative to range movement, but instead modulate the magnitude and dynamics of the range shift. This is not likely to be an isolated example because populations of other species near poleward boundaries are known to specialize on resources that mitigate the effects of cool climate. Such resources either support rapid growth or occur in the hottest available microclimates (Nylin 1988 , Scriber & Lederhouse 1992 , Thomas et al. 2001 .
In addition to resource choice, dispersal tendency evolves at range margins in response to climate change. In nonmigratory species, the simplest explanation of northward range expansions is that individuals have always crossed the species' boundary, and with climate warming, some of these emigrants are successful at founding new populations outside the former range. When dispersal tendency is heritable, these new populations contain dispersive individuals and higher rates of dispersal will soon evolve at the expanding boundary.
Evolution toward greater dispersal has indeed been documented in several species of insect. Two species of wing-dimorphic bush crickets in the United Kingdom have evolved longer wings at their northern range boundary, as mostly long-winged forms participated in the range expansion and short-winged forms were left behind (Thomas et al. 2001) . Adults of newly colonized populations of the speckled wood butterfly (Pararge aegeria) in the United Kingdom have larger thoraces and greater flight capability than historical populations just to the south . Variation in dispersal abilities can be cryptic. Newly founded populations of the butterfly M. cinxia contained females that were genetically superior dispersers due to increased production of ATP (Hanski et al. 2004) .
Overall, empirical evidence suggests that evolution can complement, rather than supplant, projected ecological changes. However, there is little theoretical or experimental support to suggest that climate warming will cause absolute climatic tolerances of a species to evolve sufficiently to allow it to conserve its geographic distribution in the face of climate change and thereby inhabit previously unsuitable climatic regimes (Donner et al. 2005; Hoegh-Guldberg 1999 Hoegh-Guldberg et al. 2002; Jump & Peñuelas 2005 ).
CONCLUDING THOUGHTS ON EVOLUTION AND CLIMATE CHANGE
For species-level evolution to occur, either appropriate novel mutations or novel genetic architecture (new gene complexes) would have to emerge to allow a response to selection. Lynch & Lande (1993) used a genetic model to infer rates of environmental change that would allow populations to respond adaptively. However, Travis & Futuyma (1993) -discussing the same question from broad paleontological, population, genetic, and ecological perspectives-highlighted the complexity of predicting future responses from currently known processes. Fifteen years later, answers still lie very much in empirical observations. These observations indicate that, although local evolutionary responses to climate change have occurred with high frequency, there is no evidence for change in the absolute climate tolerances of a species. This view is supported by the disproportionate number of population extinctions documented along southern and low-elevation range edges in response to recent climate warming, resulting in contraction of species' ranges at these warm boundaries, as well as by extinctions of many species.
SUMMARY POINTS
1. The advance of spring events (bud burst, flowering, breaking hibernation, migrating, breeding) has been documented on all but one continent and in all major oceans for all well-studied marine, freshwater, and terrestrial groups.
2. Variation in phenological response between interacting species has already resulted in increasing asynchrony in predator-prey and insect-plant systems, with mostly negative consequences.
3. Poleward range shifts have been documented for individual species, as have expansions of warm-adapted communities, on all continents and in most of the major oceans for all well-studied plant and animal groups.
4. These observed changes have been mechanistically linked to local or regional climate change through long-term correlations between climate and biological variation, experimental manipulations in the field and laboratory, and basic physiological research.
5. Shifts in abundances and ranges of parasites and their vectors are beginning to influence human disease dynamics.
6. Range-restricted species, particularly polar and mountaintop species, show more-severe range contractions than other groups and have been the first groups in which whole species have gone extinct due to recent climate change. Tropical coral reefs and amphibians are the taxonomic groups most negatively impacted.
7. Although evolutionary responses have been documented (mainly in insects), there is little evidence that observed genetic shifts are of the type or magnitude to prevent predicted species extinctions.
FUTURE ISSUES
1. Ocean-atmosphere processes are dynamically changing in response to anthropogenic forcings. Indices such as the El Niño Southern Oscillation and the North Atlantic Oscillation may be a poor basis for projecting future biological impacts.
2. Projections of impacts will be aided by a better mechanistic understanding of ecological, behavioral, and evolutionary responses to complex patterns of climate change, and in particular to impacts of extreme weather and climate events.
